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ABSTRACT

Polymethylmethacrylate PMMA is an acrylic that has been already proposed as a composite to adhere together
the fractured bone structures. Subsequently, augmentation bone cements have incorporated Calcium
Biophosphonates as vital part of its components to increase the biocompatibility with osseous tissues.
Minimally invasive percutaneous techniques such as Vertebroplasty and Kyphoplasty have been developed to
reduce surgical impact on patients, but in turn have been reported undesirable effects as extravasations of the
cement outside of the planning target volume due to the compression of the internal bone fluids or other tissues.
An in situ variable that helps favoring of the PMMA polymerization process is the temperature; however, it may
bring deleterious effects. On the methodology, an assay was addressed varying the Hydroxyapatite HAp
concentration. Also the cement processing was modified by setting water as a vehicle for particle dispersion.
The ratios of HAp/PMMA concentrations were: 0.00000, 0.02167, 0.09062, 0.16619 and 0.50000 mixed in
PMMA and liquid catalyst and monomer. The thermal profiles were measured during polymerization and
analyzed. Nuclear magnetic resonance NMR analysis was carried out on the polymerization process in an
aqueous state to monitor the H-H2O proton signal. As results, an increasing in the cement hardness time was
found in the proportion of the HAp concentration. The highest  polymerization time was found for the x5
concentration and the signal from the water trapped in the HAp amorfous lattice was determined around ~5 ppm
in the 1H NMR spectra.

1. INTRODUCTION

There is currently a high number of bone cements applied to minimally invasive surgical
procedures. Most of these bone cements are based on poly-acrylic substances such as Poly
(Methyl Metacrylate) also known as: PMMA,
such as Hydroxyapatite (HAp). The cement presents biomechanical properties similar to
porous bone tissues and present biocompatibility [1-3]. Orthopedic procedures such as
Vertebroplasty and Kyphoplasty are widely used, although they continue to present certain
limitations in relation to problems associated with extravasation due to the unbalance
between internal and external pressure during the development of the procedure. Other
manifestations at the cellular level are present, such as: thermal necrosis due to the energy
release during polymerization, chemical necrosis due to the excesses of residual monomers,
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poor adhesion to the cement-bone interface, among others. The goal of the use of these
cements is to join the fractured parts and recover their mechanical stability [4-6]. Therefore, it
is highly essential that its biomechanical properties are close to the osteolytic bone. In the
case of Kyphoplasty, it is also desired to anatomically recover the structure and make a
therapeutic contribution in reducing pain [7].

It is essential to have the chemical understanding  of the polymeric structures that are formed
in order to solve the problems presented by the bone cement implants, found in the
biomedical applications. Many studies of biopolymer characterization have been developed
in recent years using techniques of Nuclear Magnetic Resonance (NMR) and Mass
Spectrometry (MS) [8,9]. The conjugation of both techniques has revealed the naturalization
of polymer chains, their component groups and/or end-groups than kinetically interacting

based on PMMA-HAp allows to understand the structural dynamics of these compounds that
with other techniques such as XRD (X-Ray Difracttion) or FTIR Spectroscopy (Fourier-
transform Infrared Spectroscopy) is not easy to observe due to the complexity of the polymer
chains and to the HAp polycrystallinity [11,12].

The copolymer blocks that are randomly distributed in the PMMA are structurally dependent
on parameters such as: molecular weight distribution, chemical nature of the functional
groups and end-groups, the randomness of the copolymers and the balance between the
hydrophobic and hydrophilic segments. Those are the essential aspects in the study of these
bioactive glasses [13]. On the other hand, the analysis of the branches and/or end-groups
provide vital information to greatly understand the polymerization processes of the material.
In the case of PMMA, these end-groups are associated with the initiators of the
polymerization. Polymerization processes giving rise to secondary reactions, involving
residual reagents which do not interact with the primary polymerization reactions and
produce homopolymers, further to the same existing copolymers. The NMR is an analytical
technique that allows the structural characterization of the polymers in the aqueous phase and
their possible coupling. However, there are two fundamental problems in the use of this
technique for the analysis of these materials. The first one is due to sensitivity because it is
very low compared to other analytical techniques. Second, the analysis of the 1H spectrum is
very complicated due to signal overlap. One way of reducing the drawbacks of sensitivity in
the analysis of the 1H NMR spectrum is obtained by using the 13C NMR spectrum. However,
when the purification of the sample is not optimal, due to the presence of impurities,
monomers or residual initiators where it is necessary to overcome this difficulty using
multidimensional NMR experiments [14]. Characterization studies made by R. Giordanengo
et. al [10], in which the copolymeric system MAA-MMA and the NMR techniques
conjugated with MS and MS / MS spectrometry were used, found a reason for the removal of
water and methanol-associated units of MAA in the co-oligomeric branches of the main
chain. The random nature of this copolymer, based on typical dissociation reactions, reveals
how extremely useful is the application of the NMR spectrum and MS spectrometry
techniques.

In addition, the Hydroxyapatite HAp has been investigated extensively. This substance is
naturally found  in the bony tissues. A large number of studies have shown hygroscopic
characteristics in this substance that manifests water absorption probably by the dipolar
coupling detected by Klimavicius et. al [15,16]. In this work, the NMR spectrum shows a
significant signal of the hydroxyl groups (OH). In spite of this, it is feasible to appreciate a
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less intense, but very close signal in the chemical shift.  It may make reference to the
presence of the water in the polycrystalline lattice. The analysis described by this author
suggests formation of dipole moments in the HAp lattice (by couplings possibly depending
on internuclear distances between the 1H of the OH- and 31P) and as a consequence dipole-
dipole interactions between the HAp and the H2O, thus revealing the possible reason for its
hygroscopic nature, since the dipole water feature favors this type of interactions [16].

One of the key aspects to develop optimal bone cement is directly related to the most
adequate proportions of HAp in relation to PMMA since during the mixing of these two
compounds it is clear that a process of diffusion and auto-diffusion occurs. Already, in some
experiments, the polymerization process provides the peaks of maximum temperature. It has
been reported peaks reaching almost 60 °C [17].

Our hypothesis is based
exothermic effects in the polymer. The segregation between the polymer segments and the
water trapped in the HAp lattice will increase in the polymerization time. Diffusion between
the two basic components of the PMMA-HAp cement is slower, i.e., the polymerization time
can be extended, thus the energy dissipation in the form of heat is higher due to segregation
reactions between copolymeric segments and water trapped in the HAp lattice.
Macroaggregate may present a lower heating on a macroscopic scale.

The goal to synthetize this bone cement is to orthopedic use; however, it could also be used to
hold and transport  radioactive sources, such as: 153Sm and/or 166Ho.  It allows oncological
treatments, in situ, in patients with advanced metastatic state [18-20]. Therefore, it is
imperative that this material acquires optimum porous properties in order to be introduced
into bone regions where metastases are present. A greater presence of HAp in the cement
improves the formation of pores that are not present in the PMMA [2].

2. MATERIALS AND METHODS

2.1. Bone cement synthesis.

HAp Synthesis. The HAp was synthesized by the sol-gel method according to Donanzan et
al, and Legeros et al [18-21].  The reagents used for the HAp synthesis were 3.937 g of
calcium nitrate  (Ca(NO3)2 2O), 0.69 mL of phosphoric acid  (H3PO4), 1 up to 2 mL of
methanol  CH3(OH) as a catalyst for starting reaction and deionized water as solvent in
excess. After mixing the components, the solution was rested for 24 h in a closed becker.
Precipitation, nucleation and formation of colloids had occurred. Subsequently the sample
was heated in an oven. The temperature started at room temperature ramped to 80 °C at a rate
of 0.306 °C.min-1, holding 360 min at the 80 °C isotherm, subsequently ramped to 100 °C at

-1 holding 720 min at 100 °C isotherm.  At the calcinations, the
-1,  following by a

60 min at 720 °C isotherm. After cooling, the HAp samples were macerated to powder.

PMMA-HAp composite preparation. HAp powder was mixed in different proportions to
PMMA in its powder presentation. The composite was prepared in cold based (non-
radioactive) mixing PMMA ([CH2C(CH3)(CO2CH3)]n), HAp [Ca5(PO4)3(OH)]. Both PMMA
and the instruments were cooled previously. The mixture was stirring. PMMA-HAp system
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-spheres copolymer mixed to the monomer Methyl Ethyl
Methacrylate (MMA). Acetone was used in other mixtures as the catalyst in the
polymerization process and the dissolution medium of the system.

Sample discrimination. The samples were prepared in accordance with the following
concentrations [xn, with n = 1, 2, 3, 4, 5, 6], such that x1 = 0.00000, x2 = 0.02167, x3 =
0.09062, x4 = 0.16619, x5 = 0.50000 and x6 = 1.00000. The xn is a value corresponding to x in
the following system (1-x)[CH2C(CH3)(CO2CH3)]n-x[Ca5(PO4)3(OH)] or (1-x)PMMA-xHAp.

2.2. Nuclear Magnetic Resonance

All NMR experiments were conducted at 25 °C on a Bruker AVANCE 400 DRX
spectrometer operating at 400, 125 and 162 MHz for the 1H, 13C and 31P, respectively.

2.2. Macroaggregate thermology

Low-resolution thermology experiments were performed using a TD-880 ICEL digital
thermometer with K-type thermocouples and an accuracy of 0.1 ºC. The energy release as the
heat of the bone cement was monitored during its period of polymerization using an RS232
Data logger data acquisition and a communication interface. The thermology of the samples,
xn of n = 1 to 5, were analyzed. Each powder sample had a total mass of 2.5 grams and was
mixed with its monomer in excess, about 3 mL per sample. The mixtures were made in a
sterile silicone mold to facilitate the unmold of the cement from the vessel after the
experiment was developed.

3. RESULTS AND DISCUSIONS

Figure 1 shows the change in temperature as a function of time for each of the samples.

(a) (b)

Figure 1: Macroaggregate thermology in the bone cement. (a) Thermal profiles varying
xn in the (1-x)PMMA-xHAp system. (b) Fit exponential curve for the x1 concentration.
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In Figure 1 (a), the thermograms showed a critical maximum temperature of Tc, in which the
cement begins its cooling process by heat transfer to the medium. The peak temperature
basically indicated the presence of an exothermic process in which thermal energy from the
polymerization, based on , has been released macroscopically. It
can easily be seen that this exothermic peak has two tendencies. The first is associated with
the não linear-dependence of the energy transferred to the mould in function to the
macroaggregate HAp concentrations, since Tc begins to decrease with the increase in the HAp
concentration on the system. And the other characteristic is due to the time shift of the
exothermic peak in function of the increase of the HAp in the system. At the same starting
time in which the components are mixed, the chemical potentials related to the bonds,
forming the polymer chains, are activated by the chemical mediators in which the monomer is
dissolved. These chemical reactions can be studied by kinetic parameters that help
determining the activation energy of the polymerization process. In our experiment, there was
no such control of these kinetic factors, but qualitatively it is possible to make an
approximation based on the fact that the chemical energy of the bonds in the polymer must be
proportional to the thermal energy absorbed by the external medium to the cement. It is not
possible to assure that the thermal conductivity factor ' in this process is equal to the cooling
produced by the absorption of heat by thermal contact with an external source as basically
described by Newton's cooling law. But it is useful to make an approximation by making use
of this natural law in order to approach the finding of the time for which most of the
chemical reactions in the polymer have occurred, as shown in Fig. 1 (b), and described by the
following equations:

y = A+ B exp (  ) (1)

in which y is temperature, in oC, A and B are constants  is is the thermal conductivity
factor, t is the time from starting to to (polymerization time in which Tc occurs)  applied to
the polymerization process. And,

y = A +B exp (-k´. t) (2)

in which y is temperature, in oC, A and B are constants, k´ is the thermal conductivity factor, t
is the time from (critical tempertarure Tc) to the cooling time (room temperature).

Table 1:  Viscous phase polymerization time of the cement based in the (1-x)PMMA-
xHAp system

xn Tc [°C] [W·m-1·K-1]
Polymerization

[W·m-1·K-1]
Macroaggregate

Mass [g]
L

[mm]
D

[mm]
x1 61.5 0.00375 7.560 0.00324 4.05260 45.40 10.70
x2 55.25 0.00399 11.666 0.00283 4.28560 41.95 10.80
x3 42.75 0.00188 17.059 0.00214 4.22150 36.80 10.95
x4 41.75 0.00124 27.159 0.00222 4.29452 36.05 10.60
x5 27.25 - - - - - - undetermined - - - - - - 2.93200 22.55 11.05
diameter of the contact area d = 2.65 mm.

The adopted empirical model was based on  a hollow cylinder, where the thermocouple was
concentric to the main axis of the cylinder. The heat transfer occurs radially. In Table 1, the
different critical temperatures are presented and in particular an increase of the
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polymerization time can be observed as the concentration of the HAp in the cement increases,
being maximum for the concentration x5
to be the limit of time in which the cement presents some fluidity or malleability. The clinical
practice indicates that after this time the moisture could no longer be injected because it has
reached maximum stiffness.

In Figure 2, the 1H MAS NMR spectra of HAp is presented. One of them was amorphous and
the other nanostructured, both were analyzed by NMR. In essence in this figure, it is shown
that near the signal of the hydroxyl structural groups there is a much smaller signal associated
with the water trapped in the nanostructured network of HAp ~ 5 ppm. For the amorphous
HAp the signal of the absorbed water is much greater than the hydroxyl groups of structural
groupse. The presence of water in the HAp favors the segregation between the two
components due to the hydrophobic nature of PMMA. A higher concentration of HAp would
be translated as a temporary inhibitor of the polymerization of the segments. This result is in
line with the increase in the polymerization time found in the thermograms.

Figure 2: 1H MAS NMR spectra of ACP-CaHA (red) and nanostructured CaHA (blue).
Taken from the reference [16].

4. CONCLUSIONS

Bone cements based on PMMA-HAp have been used for different biomedical applications
including bone restoration. The nature of the material plays an important role in the different
potential applications of this cement. For oncological and radiotherapeutic use in situ it is
essential that the living tissues can diffuse through this material. Accordingly, it is imperative
that it holds large porous and that its polymerization time be clinically practical, i.e. relative
to the time of the clinical procedure, about 20 to 30 minutes. Nuclear coupling between the
phosphorus atoms 31P with OH groups (Hydroxyl) produces dipole moments in the HAp that
facilitate the dipole-dipole interaction with the water molecules, which generates a gradual
absorption of water in the amorphous polycrystalline network.
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